Plasticity in the visual cortex of blind individuals provides a rare window into the mechanisms of cortical specialization. In the absence of visual input, occipital ("visual") brain regions respond to sound and spoken language. Here, we examined the time course and developmental mechanism of this plasticity in blind children. Nineteen blind and 40 sighted children and adolescents (4 -17 years old) listened to stories and two auditory control conditions (unfamiliar foreign speech, and music). We find that "visual" cortices of young blind (but not sighted) children respond to sound. Responses to nonlanguage sounds increased between the ages of 4 and 17. By contrast, occipital responses to spoken language were maximal by age 4 and were not related to Braille learning. These findings suggest that occipital plasticity for spoken language is independent of plasticity for Braille and for sound. We conclude that in the absence of visual input, spoken language colonizes the visual system during brain development. Our findings suggest that early in life, human cortex has a remarkably broad computational capacity. The same cortical tissue can take on visual perception and language functions.
Introduction
Studies of blindness provide a rare glimpse into how nature and nurture shape human brain development. "Visual" cortices of congenitally blind individuals respond to input from non-visual modalities, including sound and touch. Occipital cortex of blind adults participates in functions such as tactile discrimination, auditory motion perception, and localization of sounds (Merabet et al., 2004; Poirier et al., 2006; Collignon et al., 2011) . Strikingly, there is also evidence that occipital cortex processes spoken language (Cohen et al., 1997; Burton et al., 2002 Burton et al., , 2003 Röder et al., 2002; Amedi et al., 2003 Amedi et al., , 2004 Bedny et al., 2011; Watkins et al., 2012) . Occipital areas are active when blind adults listen to words and sentences (Sadato et al., 1996; Burton et al., 2002; Röder et al., 2002; Amedi et al., 2003) and occipital activity is sensitive to the meanings of words and the compositional structure of sentences (Röder et al., 2002; Bedny et al., 2011 Bedny et al., , 2012 . Transient disruption of occipital circuits with transcranial magnetic stimulation (TMS) impairs the ability of blind people to produce semantically appropriate verbs to heard nouns (Amedi et al., 2004) . Occipital participation in these tasks is striking, in light of the cognitive and evolutionary differences between vision and language. Understanding the mechanism of this plasticity could provide insights into human brain development.
All existing data on visual cortex plasticity in blindness come from adults. Since prior studies have not examined the emergence of plasticity during development, multiple fundamentally different hypotheses about timing and mechanism remain untested. With regard to timing, one possibility is that occipital responses to spoken language emerge in adulthood or late childhood. This might be the case if many years of blindness are required to revamp the visual system for non-visual functions. At the other extreme, occipital responses to speech might be present at birth. Over time vision might eliminate these non-visual responses in sighted children, whereas they are maintained in children who are blind. An intermediate possibility is that blindness causes responses to spoken language to emerge in visual cortex during early childhood.
The time course of plasticity also provides insight into its mechanism. How does occipital cortex come to respond to speech? According to one hypothesis, spoken language reaches occipital circuits from primary auditory areas or the auditory nucleus of the thalamus (Miller and Vogt, 1984; Falchier et al., 2002; Clavagnier et al., 2004) . During development, occipital cortex initially responds to sound and, subsequently, gradually specializes for common or highly practiced sounds, such as speech.
Another possibility is that Braille learning bootstraps occipital areas for spoken language. A number of studies find that occipital areas of blind adults are active during Braille reading (Sadato et al., 1996; Burton et al., 2002; Merabet et al, 2004; Sadato, 2005; Reich et al., 2011) . On the Braille bootstrapping account, occipital cortex initially receives input from somatosensory cortex and participates in the fine-grained spatial discrimination of Braille dots (Merabet et al., 2004) . Practice-reading Braille in turn causes occipital cortex to respond to spoken language (Bavelier and Neville, 2002) . This "Braille bootstrapping" account predicts that the timing of occipital plasticity for spoken language should follow the time course of learning to read Braille (Sandak et al., 2004; Church et al., 2008; Ben-Shachar et al., 2011) .
Finally, language and vision might directly compete for cortical territory during development. This could occur, for example, if nearby language regions in temporal cortex invade what would otherwise be visual areas in occipitotemporal cortex. This view predicts that occipital responses to language should be present as early as, or even earlier than, occipital responses to sound and before learning Braille. If such direct encroachment occurs early in development, it might also affect the development of classic language areas in left prefrontal and temporoparietal cortices.
Materials and Methods
Participants. Participants were 19 blind children (mean age ϭ 9.32 years, SD ϭ 4.04, range 4 -17, 6 female), 20 blindfolded sighted children (mean age ϭ 8.66, SD ϭ 2.90, range ϭ 4 -16, 13 female), and 20 sighted children (mean age ϭ 9.09, SD ϭ 2.63, range 5-16, 11 female). Blindfolded children wore total-light-exclusion blindfolds during the fMRI scan only and were included to control for the presence of visual stimulation during the scan.
All blind participants had lost their sight due to pathology in or anterior to the optic chiasm (not involving brain damage). None of the blind children had any measurable visual acuity at the time of testing and all but one had at most minimal light perception since 2 months of age or earlier (see Table 1 for details). All sighted participants had normal or corrected-to-normal vision. None of the participants had any known neurological or cognitive disabilities. One congenitally blind participant had suffered a seizure early in life.
All participants were fluent English speakers. Three of the blind children, two of the sighted children, and six of the blindfolded sighted children were multilingual (see demographics in Table 1 for further details). Analyses in classic language areas were all conducted separately for multilingual and monolingual children. We found no effects of multilingualism on either prefrontal or lateral temporal language specialization; thus, results for multilingual and monolingual children are not reported separately.
Seven additional children took part in the study but were excluded from all analyses due to excessive motion in the scanner (one blind and one sighted child), autism spectrum disorder diagnosis and inability to do the experimental task (one blind child), inability to remain in the scanner (two sighted children and one blind child), or abnormal neuroanatomy (one sighted child).
Task. Before the beginning of the fMRI study, all children participated in a 10 -15 min mock scan session and completed seven practice trials of the task. A researcher remained inside the scanner room and stayed in physical contact with each child throughout the scan.
During the scan, children performed a "Does this come next?" task. Each trial began with a 20-s target clip in one of three conditions: an English story (Language), a story in a foreign language (Foreign Speech: Hebrew, Korean, or Russian), or instrumental music (Music). None of the children who participated in the experiment spoke Hebrew, Korean, or Russian. Children then heard the question, "Does this come next?" (1.5 s), followed by a 3 s probe (sentence, foreign speech, or music). Participants judged whether the probe was the correct continuation of the initial story or the continuation of a different story (Language), the same foreign language or a different foreign language (Foreign Speech), or the same melody by the same instrument or, instead, a different melody by a different instrument (Music). For all conditions, the correct answer was "yes" 50% of the time. Each probe clip was followed by a 6.5-s pause during which the participant's response was collected via a button press. Following each trial, participants heard a 5-s motivational auditory clip, which either said "Great Job! Get ready for the next one" following correct responses, or "Alright. Here comes another one!" following incorrect responses. For sighted non-blindfolded children, a colorful image was presented on the screen. Images did not differ across conditions. Stimuli were presented through Matlab 7.10 running on an Apple Mac-Book Pro.
Although they performed well when verbally prompted during the practice trials, children Ͻ 5 years of age (two blind and one blindfolded) were unable to consistently respond to questions by pressing buttons inside the scanner. Their behavioral data were excluded from analyses due to an insufficient number of responses. Due to technical error, behavioral data from four blindfolded children were also not collected.
English stories were recorded by one of three native English (female) speakers in child-directed prosody. Different fluent speakers recorded the Korean, Hebrew, and Russian stories. English stories were on average 4.7 sentences long (SD ϭ 0.92) and had a Flesch Reading Ease Level of 90.4 (SD ϭ 6.74). Across conditions, all targets and probes were matched in duration and volume ( p values Ͼ 0.3). Order of conditions was counterbalanced across runs and participants.
The full experiment consisted of four runs, with 6 language trials and 2 trials of foreign speech and music per run. Each run consisted of 10 experimental trials (36 s each) and three rest blocks (12 s each), for a total run-time of 6.6 min. The rest blocks occurred at the start of the run, at the halfway point of the run (after five experimental blocks), and at the end of the run.
After the scan, a teacher for the visually impaired administered a subset of the Braille Adaptation of the Woodcock-Johnson III Test of Achievement to assess Braille-reading and cognitive abilities of blind children.
fMRI analysis. MRI structural and functional data of the whole brain were collected on a 3 Tesla Siemens scanner. T1-weighted structural images were collected in 128 axial slices with 1.33 mm isotropic voxels (TR ϭ 2 ms, TE ϭ 3.39 ms). Functional blood oxygenation leveldependent (BOLD) data were acquired in 3 ϫ 3 ϫ 4 mm voxels (TR ϭ 2 s, TE ϭ 30 ms), in 30 near-axial slices. The first 4 s of each run were excluded to allow for steady-state magnetization. Data analyses were performed using SPM8 (http://www.fil.ion.ucl.ac.uk/) and Matlabbased in-house software. Before modeling, data were realigned to correct for head motion, normalized to a standard adult template in Montreal Neurological Institute space, and smoothed with a 5 mm smoothing kernel. Data were normalized to an adult template. Although small anatomical differences exist in the shape and size of brain regions among adults and children of this age, these differences are small relative to the resolution of the MRI data (Kang et al., 2003;  for similar procedures, see Cantlon et al., 2006 , Gweon et al., 2012  for discussion of methodological considerations, see Burgund et al., 2002) .
Motion spike time points (motion Ͼ 1.5 mm or more relative to the previous time point) were removed to maximize data quality and quantity per child, while matching groups on amount of motion. If more than half of the time points in a run were contaminated by motion, the run was dropped; the remaining motion spikes were removed during modeling using a spike regressor. We excluded participants from analysis if they had Ͻ 10 min of usable data. This resulted in dropping one blind and one sighted child from analysis. Blind, blindfolded, and sighted children did not differ in number of motion spikes (one-way ANOVA F (2,55) ) ϭ 0.51, p ϭ 0.6; blind mean ϭ 98, SD ϭ 90, sighted blindfolded mean ϭ 88, SD ϭ 97; sighted non-blindfolded mean ϭ 71, SD ϭ 63).
We defined functional regions of interest (ROIs) to examine responses to spoken language in visual cortex. Based on prior work with blind adults (Bedny et al., 2011 (Bedny et al., , 2012 , we hypothesized that we would observe occipital responses to spoken language in left medial occipital cortex, left lateral occipital cortex, and the left fusiform gyrus. Because the precise location of the language responses may change across the lifespan, we used an iterated leave-one-run-out procedure (cross-validation) to define independent functional ROIs in occipital cortex specific to blind children. First, group contrasts (blind Ͼ sighted) for language Ͼ music were computed separately for runs 1, 2 and 3; runs 2, 3, and 4; runs 1, 3, and 4; and runs 1, 2, and 4. In each resulting contrast map, we defined regions of interest in the left medial occipital cortex, left lateral occipital cortex, and the left fusiform gyrus, as all suprathreshold voxels ( p Ͻ 0.005 uncorrected, k ϭ 10) within a 15 mm sphere around the activation peak of the region. We then extracted percentage signal change (PSC) for the left out run for each participant, and averaged across the four folds to calculate the average response per region.
Prefrontal and lateral temporal ROIs were defined based on the sentences Ͼ backwards speech contrast within sighted adults (Bedny et al., 2011 (Bedny et al., , 2012 . Group ROIs were defined by including all suprathreshold voxels ( p Ͻ 0.001) within the left inferior and middle frontal gyri for the prefrontal ROI and the left middle and superior temporal gyri for the lateral temporal ROI.
A leave-one-run-out analysis was performed within classic language group ROIs to look for voxels that were responsive to language in each child. One run of data was used to identify voxels that responded more to language than music at p Ͻ 0.001. This is equivalent to defining individual-subject functional ROIs. We then used data from the remaining runs to compute ␤ values for the Language Ͼ Music contrast. This procedure was repeated iteratively across runs (i.e., defining voxels based on run 1, run 2, and so on).
For the remainder of the analyses, statistics were performed on PSC differences from rest, extracted from each ROI. We calculated PSC for every time point after the onset of the trial for each condition [(raw signal during condition Ϫ raw signal during rest)/raw signal during rest] * 100. PSC was first calculated in each voxel and then averaged over all the voxels in the ROI. We averaged PSC from the middle seven time points from the "story" portion of each trial (8 s through 22 s).
Because we expected the blindfold to affect neural responses in occipital regions of sighted children, analyses of occipital regions were all conducted with three groups: blind, sighted with a blindfold, and sighted without a blindfold. In contrast, there were no differences expected or observed in classic language ROIs of sighted children with and without blindfolds, so analyses of these ROIs were conducted with two groups: blind and sighted.
In whole-brain analyses, a general linear model was used to analyze BOLD activity of each subject as a function of condition. Data were modeled in SPM 8 (http://www.fil.ion.ucl.ac.uk/spm) using a standard hemodynamic response function (HRF) with a 2 s offset to account for a previously observed delay in the HRF peak in similar paradigms. Covariates of interest were convolved with a standard hemodynamic response function. Nuisance covariates included run effects, an intercept term, and motion spike time points. BOLD signal differences between conditions were evaluated through second-level, random-effects analyses thresholded at permutation corrected p Ͻ 0.05 or p Ͻ 0.001, k ϭ 50.
Results

Behavioral
All groups performed above chance in all conditions. Children were least accurate in the Foreign Speech condition (mean 77%, SD ϭ 21), followed by Language (89%, SD ϭ 14) and Music (93%, SD ϭ 13; 2 ϫ 3 ANOVA, main effect of condition F (2,94) ϭ 15.65, p Ͻ 0.0001). Across conditions, blind children made marginally more errors than sighted children (main effect of group F (2,47) ϭ 2.88, p ϭ 0.07), but this difference was not specific to any condition (Group-by-condition interaction F (4,94) ϭ 1.57, p ϭ 0.19) All groups responded to questions faster in the Music and Foreign Speech conditions than in the Language condition (main effect of condition F (2,93) ϭ 28.76, p Ͻ 0.0001, main effect of group F (2,47) ϭ 0.07, p ϭ 0.93, Group-by-condition interaction F (4,93) ϭ 1.05, p ϭ 0.39).
Occipital responses to spoken language
We asked first whether the occipital responses to language previously observed in blind adults are also present in blind children. PSC was extracted from three occipital ROIs that respond to language in congenitally blind adults: a lateral occipital region, a fusiform region, and a medial occipital region in the calcarine sulcus (Bedny et al., 2011) .
The results of ROI analyses are summarized in Figure 1 . The left lateral occipital ROI responded more to spoken language than to music or foreign speech in blind children (within-group ANOVA, effect of condition F (2,36) ϭ 6.36, p ϭ 0.004; Language Ͼ Music t (18) ϭ 2.93, p ϭ 0.01, Language Ͼ Foreign Speech t (18) ϭ 2.78, p ϭ 0.01). The response to language was present in blind children but not in sighted children with or without a blindfold (2 ϫ 3 ANOVA group-by-condition interactions, without blindfold F (2,74) ϭ 6.96, p ϭ 0.002; with blindfold F (2,74) ϭ 4.28, p ϭ 0.02; Fig. 1 ). We next looked at activity in right lateral occipital cortex to ask whether lateral occipital responses to spoken language were hemisphere specific. In a hemisphere-by-condition ANOVA in the blind group there was a main effect of condition (F (2,90) ϭ 4.55, p ϭ 0.01) but no effects of hemisphere or hemisphere-by-condition interaction (hemisphere F (1,90) ϭ 2.08, p ϭ 0.15, hemisphere by condition interaction F (2,90) ϭ 0.1, p ϭ 0.91). These results suggest that lateral occipital responses to spoken language are not left lateralized in blind children.
A similar, but weaker, pattern of response was observed in the left lingual gyrus region (Blind group: effect of condition, F (2,36) ϭ 2.48, p ϭ 0.098, Language Ͼ Music t (18) ϭ 2.28, p ϭ 0.04, Language Ͼ Foreign Speech t (18) ϭ 1.80, p ϭ 0.09; ANOVA group-bycondition interaction without blindfold F (2,74) ϭ 5.56, p ϭ 0.006, with blindfold F (2,74) ϭ 0.83, p ϭ 0.44). In blind children, the left fusiform region responded more to language than foreign speech (t (18) ϭ 2.72, p ϭ 0.01), but there was no difference between language and music (t (18) ϭ 0, p Ͼ 0.5) and the response to music was higher than to foreign speech (t (18) ϭ 2.43 p ϭ 0.03); blind group: effect of condition, F (2,36) ϭ 4.95, p ϭ 0.01, group-bycondition interaction with non-blindfold F (2,74) ϭ 6.09, p ϭ 0.004; with blindfold F (2,74) ϭ 1.34, p ϭ 0.27). None of the occipital regions responded more to spoken language than to music or to language than to foreign speech in sighted children (blindfolded and non-blindfolded, all p values Ͼ 0.1).
In whole-brain analyses blind but not sighted children activated several occipital regions during spoken story comprehension. In blind children, we observed greater responses to spoken language than to music in a right lateral occipital region (inferior and middle occipital gyri) and the posterior aspect of the right superior temporal sulcus ( p Ͻ 0.05, corrected; Figs. 2, 3) . At a more lenient statistical threshold we also observed responses in right posterior fusiform gyrus and the inferior and anterior aspect of the left lingual gyrus ( p Ͻ 0.001, uncorrected, k ϭ 50). In group-by-condition interaction analyses (Language Ͼ Music, Blind Ͼ Sighted), blind children had higher BOLD signals in the anterior and inferior aspect of the left lingual gyrus ( p Ͻ 0.05, corrected). Responses in the fusiform gyrus and lateral occipital cortex bilaterally were observed at a more lenient threshold ( p Ͻ 0.001 uncorrected, k Ͼ 50). A similar group-by-condition interaction was observed for the Language Ͼ Foreign ϩ Music contrast ( p Ͻ 0.001 uncorrected, k Ͼ 10). Notably, the whole-brain analyses reveal that in the current sample of blind children, occipital responses to spoken language were bilateral and not left-lateralized.
Effects of age and Braille-learning on occipital plasticity in blind children
A multiple regression with Age, Condition, and ROI as covariates revealed a main effect of Age on occipital activity in blind children (F (1,153) ϭ 12.3, p Ͻ 0.0005), a main effect of Condition (F (2,153) ϭ 3.79, p ϭ 0.03) and main effect of ROI (F (2,153) ϭ 5.67, p ϭ 0.004). No significant interactions were found. Importantly, there was no age-by-condition interaction, suggesting that the observed age-related changes are not specific to spoken language ( p Ͼ 0.3). Corresponding analyses in blindfolded sighted children did not reveal any significant main effects or interactions, and no change with Age in any ROI (all p values Ͼ 0.25). A multiple regression with Braille, Condition, and ROI as covariates revealed a main effect of Condition (F (2,135) ϭ 3.64, p ϭ 0.03), a main effect of ROI (F (2,135) ϭ 4.96, p ϭ 0.001), and a significant effect of Braille (F (1,135) ϭ 8.57, p ϭ 0.004). No other main effects or interactions reached significance. Age and Braille-reading ability were highly correlated with each other: r ϭ 0.84, t (15) ϭ 6.04, p Ͻ 0.0001. Therefore, it is not possible to unambiguously attribute the observed increase in occipital activity to age as opposed to Braille learning. When Braille and Age were both included in the multiple regression, only the variable Age remained significant, F (1, 117) ϭ 6.20, p ϭ 0.01, Braille F (1,117) ϭ 0.13, F ϭ 0.72. This suggests that Age was a better predictor than Braille proficiency.
We also tested directly whether Braille proficiency or Age predicts specialization for spoken language, as opposed to other kinds of sound (Language Ͼ Music). We found no relationship between occipital responses to spoken language and Braille (R Ͻ 0.01, p Ͼ 0.3) or Age (R Ͻ 0.01, p Ͼ 0.3; Fig. 3 ). (This analysis collapsed across occipital ROIs since ROI did not interact with any variables in the multiple regressions).
In sum, occipital responses to all sounds increased as blind children got older. Two features of the data support the interpretation that the increase in occipital activity is related to age. First, the correlation of occipital activity with age is stronger than with Braille. Second, age correlated with occipital responses to all sounds, and not specifically with occipital responses to spoken language.
Effects of blindness on the development of classic language areas
Next, we examined activity in classic language areas of blind and sighted children. In blind children, occipital regions may be added to an otherwise typical language system. However, it is possible that the emergence of an occipital language response interacts with development of classic language areas. We identified classic language ROIs in left prefrontal cortex (LPFC) and left lateral temporal cortex, using data from a sentence comprehension task in a group of sighted adults (Bedny et al., 2011) . In both sighted and blind children, the left lateral temporal region responded more to Language than to Music or Foreign Speech (effect of condition in sighted, F (2,78) ϭ 46.46, p Ͻ 0.0001; effect of condition in blind, F (2,36) ϭ 14.14, p Ͻ 0.001, group-bycondition interaction: F (4,112) ϭ 1.29, p ϭ 0.28). By contrast, the LPFC region responded selectively to language only in sighted children (effect of condition in sighted, F (2,78) ϭ 6.89, p ϭ 0.002; effect of condition in blind, F (2,36) ϭ 0.97, p ϭ 0.39, group-by-condition interaction F (4,112) ϭ 2.73, p ϭ 0.03; Fig. 4) .
Similarly, in whole-brain analyses, blind and sighted children both activated bilateral lateral temporal areas along the extent of the middle temporal and superior temporal gyri ( p Ͻ 0.05, corrected). This language-related activity was more extensive in the left hemisphere in both groups. However, sighted but not blind children had a focus of activation in left prefrontal cortex (left inferior/middle frontal gyri; Fig. 2) .
The above analyses suggest that blind children have reduced language selectivity in prefrontal cortex relative to sighted chil-dren. Surprisingly, the left prefrontal ROI showed no language response at all in blind children as a group. We know from prior work that by adulthood, blind individuals do have language responses in the inferior frontal cortex. Furthermore, language responses in the frontal lobe are known to vary in their anatomical location across individuals (Fedorenko et al., 2011) . Our analyses may have missed language-related responses due to averaging over a large part of frontal lobe and over individuals. We next conducted more sensitive individualized ROI analyses. Using cross-validation, we looked for language-selective voxels within the left prefrontal cortex of each participant (see Materials and Methods for details). This analysis revealed that although prefrontal language effects are weaker in blind children, there is nevertheless language-selective tissue in the left prefrontal cortex of the blind children (in independent data, Language Ͼ Music in blind children, t (18) ϭ 3.16, p ϭ 0.005, sighted children, t (39) ϭ 8.67, p Ͻ 0.0001; between-group difference, t (40) ϭ 2.8, p ϭ 0.008). In blind but not sighted children, language-selective voxels became more selective between the ages of 4 and 17 (effect of Age on Language Ͼ Music difference in blind, r ϭ 0.48, t (17) ϭ 2.25, p ϭ 0.04; sighted, r ϭ 0.14, t (38) ϭ Ϫ0.95, p ϭ 0.35; groupby-age interaction, F (1,55) ϭ 4.38, p ϭ 0.04). Inspection of the data suggests that in prefrontal cortex, responses to spoken language are absent or minimal in blind children until 8 years of age. By contrast, in sighted children such responses are present by 4 years of age. These results are consistent with the observation that in blind and sighed adults, left prefrontal cortex does not differ in selectivity for language.
Discussion
Studies of the visual system in blind individuals provide rare insights into how developmental experience shapes cortical specialization. In the absence of vision, occipital regions respond to spoken language. The current findings shed light on the developmental timing and mechanism of this plasticity.
We find that in the absence of visual input, occipital regions respond to spoken language by early childhood. By 4 years of age, lateral occipital cortex responds more to spoken stories than to foreign speech or to music. Although language responses are present early, occipital responses to all sounds continue to increase between the ages of 4 and 17. These findings suggest that in occipital cortex preferential responses to spoken language are present as early as responses to sounds in general. We found no evidence for the idea that general responses to sound gradually become specialized for speech sounds. Early emergence of occipital responses to speech is consistent with prior evidence of a sensitive period. Individuals who became blind in adulthood fail to show responses to spoken language in occipital cortex, even after decades of blindness (Bedny et al., 2012 ; but see Ofan and Zohary, 2007) . Other forms of plasticity are observed in late blind individuals (Burton et al., 2006) . In this respect, total blindness is similar to monocular deprivation, which has qualitatively different consequences in childhood and adulthood (Hensch, 2005) . Together, the available evidence suggests that early blindness modifies the process of cortical development, enabling occipital responses to speech.
The current data suggest that 4 years of age is an upper bound on when spoken language responses emerge in the occipital cortex of blind children: future research will be necessary to determine whether language responses are already present in occipital regions of blind infants, similar to language responses in frontal and temporal regions of sighted infants (Dehaene-Lambertz et al., 2002; Gervain et al., 2008) , or whether occipital plasticity occurs gradually over children's first 4 years.
The present findings provide evidence against the hypothesis that occipital responses to spoken language are bootstrapped from earlier tactile responses to Braille. Occipital plasticity in Figure 3 . Occipital responses to spoken language are stable across age and Braille proficiency. Left, Language responses in individual blind children. Each child's Language Ͼ Music t-map is displayed on his or her own normalized anatomy at a threshold of t Ͼ 2.59 ( p Ͻ 0.005). Children's data are shown from youngest (left) to oldest (right). Data from the child who continued to have some residual vision during toddlerhood is second from left in the middle row. This participant showed as much plasticity as the congenitally blind children. The z coordinates for each child are between Ϫ2 and 6, and the y coordinates between Ϫ54 and Ϫ64. Right, Effects of Braille reading and age. Across participants, Braille reading abilities differed substantially across children and were highly correlated with age (top). However, Braille-reading scores did not predict responses to spoken language in occipital cortex (Language Ͼ Music) (bottom). blind individuals has been linked to expertise in tactile discrimination of Braille dots (Sadato et al., 1996) . If Braille learning causes occipital language plasticity, the development of occipital activation for language should follow the time course of learning to read Braille. In sighted children, brain regions that support reading become increasingly specialized for written language as reading skills improve (Sandak et al., 2004; Church et al., 2008; Ben-Shachar et al., 2011) . Contrary to this idea, we find that responses to spoken language in occipital cortex do not follow the time course of Braille learning. Our findings suggest that occipital responses to speech are independent of Braille.
The present results do not speak to the neurobiological mechanisms that support the processing of written language in blindness. A number of studies have reported occipital activity during Braille-reading (Sadato et al., 1996; Hamilton and Pascual-Leone, 1998; Reich et al., 2011) . We expect that neural responses to Braille itself would be related to Braille proficiency, unlike responses to spoken language.
The present findings support the hypothesis that in the absence of bottom-up visual input, language directly encroaches into occipital cortical territory. At least two routes are possible for linguistic input to reach occipital cortex. First, typical visual areas such as the middle temporal motion complex and the fusiform face area are anatomically proximal to language cortex in the temporal lobe. In the absence of bottom-up visual input, neighboring language regions might colonize these visual areas (Florence and Kaas, 1995; Borsook et al., 1998) .
Alternatively, linguistic input could reach occipital cortex via connections to prefrontal language regions. Some evidence for this idea comes from studies of functional connectivity: in the absence of a task, activity of occipital and prefrontal cortex is correlated in blind, but not sighted adults (Liu et al., 2007; Bedny et al., 2011; Watkins et al., 2012; Deen et al, 2015) . Consistent with this hypothesis, we find that acquisition of linguistic functions by occipital cortex affects the development of prefrontal language areas. Although there is no difference between left lateral temporal responses to language among sighted and blind children (Ahmad et al., 2003) , blind children tended to have weaker left prefrontal selectivity for language. Moreover, in blind but not sighted children, prefrontal selectivity for language increased between the ages of 4 and 17 years.
An intriguing possibility is that there are competitive interactions between cortical regions, such that the contribution of occipital regions to language processing delays the emergence of language selectivity in prefrontal cortex. There is some evidence that occipital circuits supplant prefrontal areas in blind adults. In one study, TMS applied to left prefrontal cortex impaired verb generation in sighted, but not blind adults, whereas TMS to the occipital pole impaired verb generation in blind, but not sighted adults (Amedi et al., 2004) . These data suggest that occipital contributions can render prefrontal areas less essential for some language tasks. Through a similar process, the "extra" language circuits in the occipital cortex might reduce the pressure on prefrontal areas to specialize for language during development. If so, the effects of blindness on prefrontal regions could reflect a process of interactive specialization, whereby the functional specialization of each brain region depends on interactions, and in some cases competition, with other brain regions (Johnson, 2000 (Johnson, , 2001 Thelen, 2002; Karmiloff-Smith, 2006) .
Note, though, that further studies are necessary to determine whether and how prefrontal language responses are affected by blindness. First, it will be important to replicate the present findings in other samples of blind children. Second, the prefrontal cortex may also have been affected by the blind children's linguis-tic experience, rather than by occipital plasticity itself. Prior evidence suggests that social and linguistic experience can affect prefrontal language specialization (Raizada et al., 2008) . There is also some evidence that blind children are delayed on early milestones of language acquisition. Blind children are late to produce their first words and first multiword utterances (in the lownormal range; Norris, 1957; Fraiberg, 1977; Landau and Gleitman, 1985) . These delays are subtle and short-lived but could nevertheless affect the development of prefrontal language responses.
In summary, the present findings provide insights into how experience and intrinsic constraints drive human cortical development. We find that blindness alters the developmental trajectory of visual cortex. In the absence of visual input, occipital areas develop responses to sound and specifically to spoken language. Vision and language are evolutionarily and cognitively distinct and typically depend on different cortical circuits with distinctive cytoarchitectural profiles (Amunts et al., 2002; Enard et al., 2002; Barton, 2007; Kaas, 2008; Rilling et al., 2008; Makuuchi et al., 2009) . Despite this, "visual" cortex is colonized by language functions in blindness. Input during development is thus a major determinant of a cortical area's cognitive function (Sharma et al., 2000; von Melchner et al., 2000) .
An important outstanding question is how non-visual encroachment into the visual system of blind children affects the potential to recover visual function. Studies with adults who recover eye function after long periods of blindness suggest that absence of vision during childhood impairs the capacity of the visual cortex to support vision (Fine et al., 2003; Le Grand et al., 2003; Lewis and Maurer, 2005) . Colonization of occipital circuits by non-visual functions might make them less suitable for visual processing. Conversely, such plasticity could prevent atrophy of cortical tissue and therefore preserve occipital circuits. Understanding the functional role and time course of cross-modal plasticity could inform decisions about the timing of sight recovery.
